N ASA TECHNICAL 

MEMORANDUM 


CM 

m 

cm 

m 

X 



NASA TM X-3232 


y* 

m 


iHEHsPHEMrar 23 ^ 

duct measurements ”2a, TI0 ? 4 s ““ b fob 

s. CSCL 20 D 


N75- 22277 


Unclas 

hi/02 208 V7 


m*. . 


DEVALUATION OF A HEMISPHERICAL 


Head flow direction sensor 

||pR INLET DUCT MEASU 

• ••?.? & • c ■ ’•■••• '■ ’ 

*v; : ..l# 
o&- 

? y y 



, . L. Bennett 

mM<k- 

III Wight Research Center 
Edwards , Calif 93523 








/; >e- 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION • WASHINGTON, D. C. • MAY 1975 





1. Report No, 2. Government Accession No. 

TM X-3232 

3. Recipient's Catalog No. 

4. Title and Subtitle 

EVALUATION OF A HEMISPHERICAL HEAD FLOW DIRECTION 
SENSOR FOR INLET DUCT MEASUREMENTS 

5. Report Date 

May 1975 

6. Performing Organization Code 

7. Author(s) 

Donald L . Bennett 

8. Performing Organization Report No. 
H-862 

10. Work Unit No. 
516-51-02 

9. Performing Organization Name and Address 

NASA Flight Research Center 

P.O.Box 273 

Edwards, California 93523 

11. Contract or Grant No. 

13. Type of Report and Period Covered 
Technical Memorandum 

12. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, D. C. 20546 

14. Sponsoring Agency Code 

15. Supplementary Notes 

16. Abstract 


A hemispherical head flow direction sensor was tested in a wind tunnel 
to evaluate its effectiveness for measuring dynamic duet flow direction angles 
of ±27°. The tests were conducted at Reynolds numbers of 3,28 X 10 6 per 
meter (1.0 X 10 6 per foot) and 4.92 X 10 6 por meter (1.5 X, IQ 9 per foot) and 
at Mach numbers from 0 . 30 to 0 . 70 . 

The design criteria for the probe are discussed and the wind tunnel 
results are presented. Three techniques for deriving flow angles are described. 


ORIGINAL PAGE IS 
OF POOR QUALITYi 


17. Key Words (Suggested by Author(s)) 

Hemispherical head flow direction sensor 
Duct flow direction 
Inlet duct measurements 
Flow direction equations 


18. Distribution Statement 


Unclassified - Unlimited 


STAR Category 02 


1 9. Security Classif . (of this report) 

20, Security Classif. (of this page) 

21. No. of Pages 

22, Price 1 " 

Unclassified 

Unclassified 

22 

$3.25 


*For sale by the National Technical Information Service » Springfield , Virginia 22151 




EVALUATION OF A HEMISPHERICAL HEAD FLOW DIRECTION SENSOR 
FOR INLET DUCT MEASUREMENTS 


Donald L. Bennett 
Flight Research Center 


INTRODUCTION 


The primary function of an airplane inlet is to provide the engine with high 
pressure , uniform airflow . The quantity of the airflow must be varied to match the 
engine’s airflow requirements. High performance, high speed aircraft like the 
YF-12 airplane resort to bypass systems to meet the flow variance requirement 
(ref. 1) . However, there have been problems with these systems. Opening or 
closing the bypass doors rapidly has resulted in engine surges or stalls . 

For a fuller understanding of the physical phenomena that occur during engine 
stalls and surges , dynamic flow angularity measurements are desirable in addition 
to pressure distortion and inlet pressure recovery measurements. To make these 
measurements in the inlet of the YF-12 aircraft, a fixed hemispherical head flow 
direction sensor was designed and built at the NASA Flight Research Center . 

Devices of this type have been extensively investigated (refs. 2 to 5) . However, 
the external configuration of the device designed for the YF-12 airplane was dissim- 
ilar to that of most of the sensors investigated because of the close coupling of the 
transducer assembly and the probe tip . The close coupling was incorporated to 
improve the accuracy of the dynamic measurements . 

This paper describes the sensor and presents and discusses calibration data 
acquired during wind tunnel tests of the flow direction sensor . The tests were made 
in the 6- by 6-Foot Wind Tunnel at the NASA Ames Research Center . The tests were 
made at Mach numbers of 0.30, 0.40, 0.50, 0.60, and 0.70 and at Reynolds numbers 
of 3.28 X 10 6 per meter (1.0 X 10 6 per foot) and 4.92 X 10 6 per meter (1.5 X 10 9 per 
foot) . Most of the data presented are for Mach numbers of 0.30, 0.50, and 0.70. 
Several techniques for determining flow angles are described , and the results of 
room temperature laboratory frequency response evaluations are presented. 


SYMBOLS 


Physical quantities in this report are given in the International System of 
Units (SI) and parenthetically in U.S. Customary Units. The measurements were 



made in U .S . Customary Units. Factors relating the two systems are presented in 
"reference 6. 


M Mach number 

p ( P 1 + p 2 + p 3 + p 4 y 4, kN / m2 ( lb /ft 2 ) 

free stream static pressure, kN/m 2 (lb/ft 2 ) 
p total pressure, kN/m 2 (lb/ft 2 ) 


p ,p p ,p ,p pressures measured by the hemispherical head flow direction 
1 2 3 4 5 sensor, kN/m 2 (lb/ft 2 ) (fig. 2) 

A p a p 3 - p r kN/m 2 (lb/ft 2 ) (fig. 2) 

q free stream dynamic pressure, 0.7M 2 p s> kN/m 2 (lb/ft 2 ) 


R 

a 


a 


c 


Reynolds number , per m (per ft) 

true angle of attack (angle between the wind tunnel flow direc- 
tion and the centerline axis of the probe in the p . , p„ plane) , 
deg (fig. 2) 


p 3 " P 1 

calculated angle of attack ,0.5 arc tan -x~ — — r — • , deg 

Ap 5 P 3 P 1 


a' adjusted angle of attack, a c cos a c , deg 

p angle between wind tunnel flow direction and the centerline 

axis of the probe in the p^, p ^ plane, deg (fig. 2) 

cp angle between wind tunnel vertical and the p. , p, plane of the 

probe, deg 

The cosines of a, (3, and cp are direction cosines, and each is independently 
determined . 


DESIGN CRITERIA 


The conditions typically encountered in jet engine ducts were used as design 
goals for the hemispherical head flow direction sensor . These goals were as 
follows: 
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Temperature, K (°F) * . . . 

Frequency response, Hz . . . 

Flow angularity (a, p) , deg . 

Mach number 

Reynolds number, 

per m (per ft) 

Total pressure, kN/m 2 (lb/ft 2 ) 

Static pressure, kN/m 2 (lb/ft 2 ) 


220 (-65) to 755 (900) 

0 to 100 

±30 

0.30 to 0.70 

3 .28 X 10 6 (1.0 X 10 6 ) to 4.92 X 10 6 (1.5 X 10 6 ) 

34 (720) to 207 (4320) 

34 (720) to 103 (2160) 


The required temperature range, which is larger than the temperature range 
encountered under operating conditions, was dictated by safety considerations. 


The probe was also designed to provide the minimum aerodynamic interference 
consistent with the required frequency response. Iberall equations were used as a 
guide to predict the changes in frequency response that would accompany changes 
in the size of the ports , the length of the tubing from the ports to the pressure trans- 
ducers, and the temperature of the system. A combination consistent with the 
mechanical design considerations was chosen. 


SENSOR DESCRIPTION 


The hemispherical head flow direction sensor (fig. 1) consisted of a stainless 
steel housing that contained five pressure transducers. Each transducer was 



Transducer housing 


Transducer tubing 


E-24940 

Figure 2. Hemispherical head flow direction sensor . 
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connected to the tip of the probe by tubing approximately 10.2 centimeters (4 inches) 
long. Tubing of this length was chosen because it permitted adequate frequency 
response with minimal housing interference. The probe was 1.91 centimeters 
(0.75 inch) in diameter and contained five ports, each of which was 0.081 centimeter 
(0.032 inch) in diameter. The inside diameter of the tubing that connected the probe 
tip port to the pressure transducers was also 0.081 centimeter (0.032 inch) . One 
port, p 5 , was on the centerline axis of the hemispherical probe tip (fig. 2) . The 

other four ports, p^, p 2> p 3> and p 4> 

were at an angle of 45° from the cen- 
terline axis; p.^ and p 3 were in the vert- 
ical plane and used for angle of attack 
measurements, and p 2 and p 4 were in 

the horizontal plane and used for angle 
of sideslip measurements . The sensor 
housing is a section of the mount that is 
intended for use in the engine inlet 
during flight tests . 

WIND TUNNEL AND 

A wind tunnel calibration was performed on the flow direction sensor at various 
Mach numbers, angles of attack, angles of sideslip, roll angles, and Reynolds num- 
bers. The Reynolds and Mach numbers investigated were typical of operating con- 
ditions in the inlet duct of a YF-12 aircraft. Wind tunnel flow angle was varied by 
rotating the sensor mechanically with respect to the wind flow . Angle of attack was 
varied in increments of approximately 4° from 0° to ±27°. Because the wind tunnel 
sting was limited to a 27° sweep, the positive and negative angles of attack necessi- 
tated separate wind tunnel sting configurations. To evaluate the effect of angle of 
sideslip on the ability of the sensor to measure angle of attack, angle of sideslip was 
varied during some angle of attack runs by changing the adapters at the end of the 
wind tunnel sting. A roll angle of 21.5° was also introduced to determine the effect 
of roll angle on the angle of attack determination. 

The data acquired for the computation of angle of sideslip were erroneous. 

There was a difference of approximately 2° between the actual position of the sensor 
and the angle of sideslip indicated by the sensor data . This difference was appar- 
ently due to a mechanical misalinement , because the indicated 0° angle of sideslip 
did not coincide with the mechanical setting of 0°. In addition, the pressure line 
leading from one sideslip port to the reference side of the pressure transducer was 
pinched during the first series of data runs . This caused a sensitivity change 
during the calibration of the sensor. Because of these difficulties, no attempt was 
made to compute angle of sideslip from the pressures measured by the flow direction 
sensor . The determination of angle of sideslip should not be confused with the 
changes in angle of sideslip that were introduced mechanically during some angle of 
attack runs . 

During the tests, Reynolds number, Mach number , angle of attack, angle of 
sideslip, roll angle, free stream dynamic pressure, total pressure, static pressure, 



Figure 2. Location of ports in 
probe tip. 


LABORATORY TESTS 
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and the pressures measured at the five ports on the probe's hemispherical head were 
recorded. A tabulation of these data, except for the erroneous and data, is 

given in table 1 for a Reynolds number of 4.92 X 10® per meter (1.5 X 10 6 per foot). 
All the data were acquired at room temperature , and no attempt was made to extrap- 
olate the data to higher temperatures . 

The data acquired were recorded on paper tape . The raw data were processed 
and corrected for wind tunnel irregularities by the data processing facility at the 
Ames Research Center . The data were then placed on magnetic tape and taken to the 
Flight Research Center, where final computations were made and the data were 
plotted . 

Frequency response evaluations were performed in the laboratory . Figure 3 
represents the typical response of the transducing system at room temperature for 



Figure 3. Frequency response of hemispherical head flow 
direction sensor. 


static pressures of 90 kN/m 2 (1870 lb/ft 2 ) , 62 kN/m 2 (1296 lb/ft 2 ) , and 41 kN/m 2 
(864 lb/ft 2 ) . The system includes the transducer mounted in the housing and the 
tubing from the sensor to the probe tip . The frequency response of the system was 
flat out to 20 hertz. Because of the limitations of the laboratory equipment, the 
frequency response tests were also conducted at room temperature only. 

The predictions obtained from the Iberall equations varied considerably from 
the results obtained in the laboratory. The reason for this is not known, but the 
boundary conditions for the equations may have been exceeded . 
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TABLE 1 .-mm TUNNEL CONDITIONS AND CORRESPONDING SENSOR PRESSURE DATA 
(Room temperature; R = 4. 92 X IQ* per meter (1-5 X 10 fl per foot) I 

(a) Data plotted in figure 4(b) . 


M 

« , 

P. ! 

1 <P> 

9. 

p f 

Pa* 

P V 

P3’ 

P 5 ’ 

deg 

deg 

deg 

kN/m 2 (lb/ft 2 ) 

kN/ro 2 (lb /ft 2 ) 

kN/m 2 (lb /ft 5 ) 

kN/m 5 Cm/ft 2 > 

kN/m 2 (lb /ft 2 ) 

kN/m 2 (lb /ft 2 ) 


» 7Q -27* 47 *4 4 -.97 9.59 < 2QG.JI 38*83 t 011. Q1 28. QL < 585. 0) 37.59 ( 705.01 22.96 ( 469.01 39.23 ( ?15.0l 

.70 -26.48 .42 -.97 9.59 C 200.31 38.83 < 011.01 26.01 ( 565.0) 37.39 < 781.0) 22.89 ( 478.0) 34.52 < 721. n) 

, 70 -22. 50 . 36 -.97 9.59 t 2Q0.3) 38.83 ( 811.0) 28.01 t 505.0) 36,39 f 760. 0) 24.04 < 502.0) 35.86 { 749.01 

.70 -18*46 *30 -.97 9.59 t 200.3) 38.83 1 811,01 28,01 t 585.0) 35.29 < 737,0) 24.90 t 520,0) St. 92 1 771.0) 

.70 -14*40 ,24 -.97 9.59 < 200.3) 30.63 ( 811.0) 28.01 < 585.0) 34.04 ( 711,0) 25,18 ( 526,0) 37,60 < 787. Ql 

, 70 -10, 38 . 17 -.97 9,59 < 200. 3 ) 38.83 ( 011.0) 26.01 ( 585.0) 32.70 ( 603.0) 25. 90 < 541. 0) 38, 21 ( 790.0) 

« 70 -5 .34 . 09 -.97 9.59 C 200.3) 38.83 < 811.0) 28.01 < 5e5.0) 30 .93 < 646.01 27.29 ( 570. 0) 38.69 t 600.0) 

,70 -2*64 .05 -.97 9.59 < 200*3) 38,03 < 611,0) 28.01 < 585.0) 30.07 < 628.01 28.11 t 567.0) 36.78 1 610.0V 

.70 -1.35 . 0 2 -.97 9. 59 ( 200.3) 30.83 t 011,0) 20.01 f 585. D) 29.54 < €17.0) 28.49 < 595.01 38 , 71 ( 810.01 

.70 -.34 ,01 -.97 9.59 t 200.3) 38.03 ( 811.0) 28.01 < 585.0) 29.06 < 607,01 28.82 { 602.0) 38,73 ( 809,0) 

.70 -1.51 .03 -.97 9.61 < 200.0) 39.02 t 615.0) 28.20 t 569.0) 29.69 ( 620.0) 28.54 < 596. n> 38,93 ( 813,0) 

.70 -.54 .03 - * 9 7 9.61 < 200.8) 39.02 ( 615.0 26.20 ( 569.0) 29.49 ( 616.01 29.11 1 606,0) 39,07 ( 616.0) 

.70 .44 .03 -.97 9.61 C 200.81 39.02 < 015,0) 28.20 <-589. 0) 29.06 { 6D7.0) 29.11 < 600.0) 39.07 t 816,0) 

.70 1.96 .03 -.97 9.61 T 200,8 ) 39 .02 C 015.0) 28.20 ( 589,0) 28.50 < 597.0) 29. 83 < €23.0) 38,93 ( 8 13. 0) 

*70 3.50 .03 -.97 9.61 t 200,8) 39.02 t 815.0) 26.20 I 569.0) 28,06 l 586.0) 30.26 < 632.0) 39.07 t 016.0) 

.70 4.55 .03 -.97 9.61 C 200.8) 39.62 < 816,01 28.20 C 589.0) 27.7? < 579,0) 30.60 ( 639.0) 36.60 ( 012.0) 

.70 9.51 -.16 -.97 9.61 C 2D0.61 39.02 I 015. 0> 26,20 f 589,0) 26.38 < 551.0) 32, 41 < 677.01 38.45 ( 803.0) 

.70 13,60 -.22 -.97 9.61 < 200. S) 39.02 < 815.0) 28.20 ( 589.0) 25.6? ( 535.0) 33,85 4 707.0) 37.9? { 79?, 0) 

,70 17,60 -.29 -.97 9.61 t 200.0) 39,02 < 815.0V 28.20 < 569.0) 25.47 l 532.0) 35.14 1 734,0) 37.25 < 778.0) 

.70 21*70 -.35 -. 97 9.61 < 200.8) 39.02 ( 016. Q) 26.20 ( 569.0) 24.99 t E22.QV 36,48 t 76?. 01 36.44 ( 761.01 

.70 25.70 -.41 -.97 9.61 ( 200.8) 39.02 1 615.0) 26.20 < 589.0) 23.13 [ 483.0) 37.39 C 781,01 34,90 ( 729,0) 

.70 -.57 -.41 -.97 9.61 { 20D.8) 39.02 ( 815.0) 28.20 { 589.0) 29.16 I €05.01 37.39 < 761*01 34. 9D < 729.0) 

.50 -27.66 .44 -.97 7.26 l 151.6) 49.17 <1627. 0) 41.46 1 866.0) 48.22 (1 00 7,0) 37.01 l 773. D) 45.53 1 951.0) 

,50 -26*69 *43 -.97 7,2£ ( 151,6) 49,17 (1027*0) 41*46 ( 8€6*i)l 40*02 (1003. Q) 37.20 ( 777.0 45.73 l 955, Q) 

.50 -22.64 .37 -.97 7*26 < 151.6) 49,17 (1027,0) 41,46 ( 066.0) 47,40 ( 990.0) 3 7.07 ( 7*1*0) 46.78 ( 977.0) 

.50 -18,60 .31 -,97 7,26 < 151.6) 49.17 (1027.0) 41.46 ( 866.01 46.49 ( 971,0) 38.0? ( 754.0) 47.59 < 99^.0] 

.50 -14.53 .24 -.97 7,26 t 151.6) 49.17 11027,01 41*46 1 566.0) 45.58 l 952,0) 38.40 t 802.0) 46.22 11007.0) 

.50 -10.58 .18 -.97 7.26 < 151.61 49*17 <1027.01 41.46 ( 866.01 44.53 ( 930.01 35*21 < 819,01 48,69 (1017.01 

•50 -5.55 .09 -.97 7,26 ( l5j,6) 49.17 (1027.01 41.46 ( 066.01 43.19 ( 902,0) 40.22 ( 840,0) 49.08 (1025,01 

•50 -3.05 *05 - . 97 7.26 t 151.6) 49.17 (1027.0) 41.46 ( 966.0) 42.47 < 887.01 40.75 ( 851.01 49,12 (1026.0) 

,50 -1*51 .03 -.97 7. 26 1 iSl.fc) 49.17 (1027.0) 41.46 ( 866.0) 42.09 ( 379,0) 41.18 ( 860. 0 1 49, 12 (1026.01 

.50 -.49 .01 - ,9 7 7.26 < 151.61 49.17 ( 1027.01 41.46 ( 866.0 ) 41.00 ( 873.0) 41.46 < 866.0) 49.17 ( 102 ?, 0) 

.50 -1.72 .03 -.97 7.45 f 155.6) 49.32 (1030.01 41.37 ( 864.0) 41,80 < 373,0) 40.94 ( 855.0) 40,93 <1023.01 

.50 -.75 .01 -.97 7.45 < 155,6) 49,3? <1030.0 41.37 < 8f4*0) 4 1.56 < 868.01 41.2 7 ( E62. 01 48, 98 (1023.01 

.50 .26 .01 -.97 7.45 ( 165.6) 4S.32 (1030.01 41.37 < 864. Q) 41.32 < 063.0) 41.56 l B&3.0V 46.93 (1027. 0) 

.50 1.80 -.03 -.97 7.45 < 155.61 49.32 (1030,0 41.37 < 884.01 4Q.84 < 853.0) 41,94 ( 076. n) 48.89 (1D21.0) 

.50 4.24 -.07 -.97 7.45 < 155,61 49.32 (1030.0) 41.37 ( 964.01 4Q.27 < 041.0) 42.61 ( 090.01 46.79 (1019.0) 

.50 9.38 -.16 -.97 7.45 1 155.6) 49.3? (1030,0) 41,37 < 864.0) 39.21 ( 819,0) 44.05 ( 920.0) 40, 5C (1013.0) 

*50 17.49 -.29 -.97 7.45 < 155*6) 49.32 <1030,01 41.37 ( 864.0) 38*16 ( 797*01 46.16 ( 964.01 47.50 4 992.0) 

.50 21.43 -.35 -.97 7.45 ( 155.6) 49.32 <1030.01 41.37 < 864,0) 38.0? < 794.01 46.87 < 979.0) 46.73 ( 976.0) 

.50 25.53 -.41 -.97 7,45 ( 155*6) 49,32 (1030*0) 41.37 < 864.0) 37,59 ( 785.0) 47.64 ( 995.0) 45.73 ( 955.0) 

.50 13.39 -.22 -.97 7.45 C 155.6V 49.32 (1030,0) 41.37 ( 064.01 38.45 I 803.0) 45.15 ( 943.0) 48.07 (1004.0) 

*50 -.83 .01 -.97 7.45 < 155,61 49.3? (1030.0) 41.37 < 8&4.01 41.66 < 870*01 41,37 < 864.0 40.84 (1020,0 

.30 -27*74 ,45 -.97 4.57 ( 95.41 76.56 <1599.01 71,9? (150?, 0) 75*89 (1585,0) 69,04 (1442,01 74.26 (1551.0) 

*30 -26.76 .43 -,97 4.57 C 95.4) 76,56 (1599.0) 71.92 <1502, 0J 75,79 (1503*0) 69,09 (1443.01 74,41 (1554.01 

.30 -22.75 .37 -.97 4.57 ( 95. 4> 76,56 (1555,0) 71.92 (1502,0) 75,41 (1575.0) 69.23 U446.0) 75.08 11568.0) 

.30 -18,71 .31 - * 97 4.57 ( 95.4) 76,56 < 1599, Q) 71.92 ( 1502,01 74*80 (1 564.0 1 69.43 <1450*01 75.51 ( 1577,0) 

.30 -10,69 ,18 -.97 4.57 < 95,4) 76.56 (1599.0) 71.92 <1502. 0) 73.74 (1540.0) 70, ?9 <1468.01 76.27 <1593.0) 

.30 -5.64 ,09 -.97 4.57 < 95.41 76.56 (1599.0) 71.9? (1E02.O) 72.9? (1523. 0) 70,96 <148?. 0) 76.51 (1598,0) 

.30 -3.10 .05 -.97 4.57 ( 95.4) 76.56 (1599.0) 71,92 <1502.0) 72,49 (1514,0) 71,34 (1490.0) 76.56 (1599,0) 

,30 -1.59 ,03 -.97 4.67 < 96.41 76.56 (1559. 01 71.9? <1502.01 72.25 (1505,0) 71.63 (1456.01 76.56 <1599,01 

.30 -.61 .01 -.97 4.57 ( 95.4) 76.56 (1599,0) 71.92 (1E02.O) 72,06 (1505.0) 71,77 (1499*0) 76,51 <1598.0 

.30 -1.84 .03 -.97 4.50 < 93.9) 76.56 (1599.0) 71.96 (1503,01 71.92 (150?, 0) 71,44 (1492*0) 76.18 <1591.01 

*30 '“*81 i 01 -.97 4,50 < 93*9) 76*56 (1599,01 71.96 <1503. 0) 71.77 11499.0) 71,58 (1495.0) 76.18 (1591.0) 

*30 *19 0.00 -.97 4.50 ( 93.91 76.56 (1599.0) 71.96 (1503*0) 71.63 (1496,01 71.82 (1500,0) 76.18 <1591.0) 

•30 1,75 -. 03 -.97 4.50 ( 93.91 76 ,56 (1595.0 1 7 1 *96 (1503.0 1 71.34 (1490.0) 72.06 (1505, 0) 76.22 (1 592.01 

.30 4.20 -.07 -.97 4.50 I 93.9) 76.58 <1599, 0) 71,96 <1503.0) 70.98 <1482. 0) 72.49 (1514.0) 76.18 11591.0) 

.30 9, 25 -.15 -.97 4.50 < 93,91 76.56 (1599.01 71.96 <1503.01 70.29 (1466.01 73. 3Q (1531.0) 75.99 (1507.0 

.30 13,28 -*22 -« 97 4, 5Q < 93,91 76.56 (1599.01 71.96 < 15 03*0 ) 69,76 (1457.0) 73.97 ( 1545.01 75.65 ( 1 5 00,0 ) 

.30 17.33 -.29 - ,9 7 4,50 < 93.9) 76.56 ( 1599.0) 71.96 <1503.01 69.43 <1450. D) 74*50 ( 1556*01 75* 27 (1 57?. Cl 

♦30 21*33 -.35 -,97 4,50 ( 93*9) 76.58 (1599.0) 71.98 (1503.0) 69.23 (1446,0) 75.03 (1567.0) 74,79 (156?, D) 

,30 25,37 -*41 -*97 4*5Q < 93*91 76.56 (1599*01 71.96 (1503*01 69.19 (1445.0) 75.46 (1578.6) 74.26 (1551,01 

•10 ~*A3 *01 *.97 4.50 i 93*91 76.56 <155?. 0 ) 71,96 (1503,0) 71.72 (1498.0) 71.63 (1496.0) 76.16 <1591.0) 
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(b) Data plotted in figure 5(a) . 
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TABLE 1 .-Continued 
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(e) Data plotted in figure 6 . 
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INSTRUMENTATION UNCERTAINTIES 


The uncertainties of the instrumentation and wind tunnel measurements were 
estimated as follows: 


Measurement 

Estimated 

uncertainty 

Wind tunnel flow angularity (a, p, cp), deg 

±0.1 

Alinement of the sensor centerline axis with the 

wind tunnel centerline axis (a) , deg 

±0.3 

Mach number 

±0.005 

Reynolds number, per meter (per foot) 

±0.033 X 10 6 (±0.01 X 10 6 ) 

Total pressure , N/m 2 (lb/ft 2 ) 

±15 (±0.31) 

Static pressure, N/m 2 (lb/ft 2 ) 

±15 (±0.31) 

p l’ p 2 * p 3’ p 4’ p 5 ’ N/m2 

±240 (±5) 


METHODS FOR DETERMINING ANGLE OF ATTACK 


Three methods for determining angle of attack from the flow direction sensor 
data were investigated. 
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Method 1 


In the first method, angle of attack was calculated by using the following equa- 
tion , which is derived in the appendix . 


a 


c 


0 . 5 arc tan 



The calculated angle of attack was then subtracted from the known angle of attack 
and plotted as a function of known angle of attack to obtain a correction curve 
(figs. 4 to 6). 
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(b) R = 4.92 X 10 6 per meter (1.5 X 10 6 per foot). 


Figure 4. Angle of attack correction curves for Reynolds numbers 
of 3 . 28 X 10 6 per meter (1.0 X 10 6 per foot) and 4.92 X 10 6 per 
meter ( 1.5 X 10 6 per foot) . p 0°; cp 83 0°. 
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Figure 5. Angle of attack correction curves for angles of sideslip 
of approximately 1.5°, 5°, and 8.5°. cp ^ 0°; R = 4.92 X 10 6 per 
meter (1.5 X 10 6 per foot) . 
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a, deg 


(c) p * 5.5°. 
Figure 5. Concluded. 



a, deg 


Figure 6. Angle of attack correction curve 
for a roll angle of 21 . 5° . p 0°; 

R = 4.92 X JO 6 per meter (1.5 X 10 6 per 
foot) . 


Method 2 


In the second method, the wind tunnel data were used to obtain a calibration 
curve. First, Ap Q was calculated for the entire range of angle of attack by using 

the following equation: 


A f a = p 3 ' ? i 

The result was divided by free stream dynamic pressure, q. The resulting values 
of Ap a /q were plotted as a function of the known angle of attack (fig. 7) . After this 

curve is determined under given environmental conditions , angle of attack can be 
determined for any value of A p Q /q for equivalent conditions . 



Figure 7 . Reference curve derived from method 2. (3 0°; 

<p ** 0°; R = 4.92 X 10 6 per meter (1.5 X 10 6 per foot) . 
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Method 3 


Method 3 is a calibration method similar to method 2 . It has the useful property 
of making accurate determinations of Mach number as well as of angle of attack . 

A set of curves of p^/p versus Mach number is obtained from the wind tunnel 
data for different angles of attack (fig. 8) . Next, a set of curves of Ap /p K versus 

Ot D 

angle of attack is obtained for different Mach numbers (fig. 9) . Linear fairings 
passing through the origin can be made for each Mach number . The value of 
(Ap /p f .)/a (the slope) of each of these lines can be plotted versus Mach number 

(fig. 10). 



Mach number 


Figure 8. Variation of p ^/p with Mach number and angle of attack. 
p ** 0°; cp « 0°; R = 4.92 X 10* per meter (1.5 X JO® per foot). 
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The flow diagram in figure 11 indicates how angle of attack and Mach number 
can be obtained from these curves . First , an initial angle of attack is assumed and 



Figure 11 . Procedure for calculating angle of 
attack and Mach number by using method 3. 

an approximate Mach number is found from figure 8 . This Mach number is used to 
find (Ap a /p 5 )/a from figure 10 , which is a plot of the slopes obtained from figure 9. 

The value of Ap /p_ obtained from the sensor data is divided by (Ap /p_)/a. The 

result is an approximate angle of attack , which is used to obtain a new Mach number 
from figure 8 . The process is repeated until the difference between two consecutive 
answers is negligible . 


RESULTS AND DISCUSSION 


Effects of Flow Angularity and Reynolds Number 

The effect of roll angle on the determination of angle of attack can be evaluated 
by comparing figures 4(b) and 6, which show the angle of attack correction (when 
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using method 1) for roll angles of 0° and 21.5°, respectively. It can be concluded 
from this comparison that the effect of roll angles up to 21.5° is negligible. 

The effect of angle of sideslip on the determination of angle of attack can be 
assessed by comparing figures 5(a) , 5(b) , and 5(c) , which show the angle of attack 
correction (using method 1) for nominal angles of sideslip of 1.5°, 5°, and 8.5°, 
respectively . This comparison shows that the correction increases slightly with 
increasing angle of sideslip . 

The effect of Reynolds number on the determination of angle of attack is shown 
by a comparison of figures 4(a) and 4(b) , which present the angle of attack correc- 
tion for Reynolds numbers of 3,28 X 10® per meter (1.0 X 10® per foot) and 
4.92 X 10® per meter (1.5 X 10® per foot), respectively. The comparison shows that 
the effect of Reynolds number on the determination of angle of attack is insignificant 
over the range tested . 

The results of these comparisons simplify the determination of angle of attack 
from the flow direction sensor measurements regardless of the method used. 


Assessment of Methods 

The data presented in figures 4 to 6 indicate that the angle of attack calculated 
by method 1 is within 1° of the known angle of attack up to a ~ ±10°. Beyond that 
value , the error increases rapidly to between 3° and 5° at known angles of attack of 
±25°. 

After studying the data it appeared to be possible to improve the accuracy of the 
angle of attack measurements by applying a cosine factor to the data. New angles of 
attack were calculated by using the equation a' = a cos a . Figure 12 is a plot of 

the data in figure 4(b) with the cosine factor applied. The accuracy of the angle of 

Mach 

number 

o 0.30 
o 0.50 
O 0.70 



, 2 I I I I I I I I I I I I I I I 
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a, deg 


Figure 12. Angle of attack correction curve when cosine factor 
is applied to data from figure 4(b ) . p » 0°; <p ** 0°; 

R = 4.92 X 10 6 per meter (1.5 X 10 6 per foot). 
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attack determination at the higher angles of attack has been improved significantly; 
the agreement between the calculated and known angles of attack is within 1° 
throughout the angle of attack range . 

In method 2 , angle of attack is determined from a reference curve like that in 
figure 7 . The slope (Ap a /q)/a tended to be linear for each Mach number over an 

angle of attack range of approximately ±8°, but it became increasingly nonlinear as 
the absolute value of angle of attack increased above 8° . If a best straight line fit 
to the data is used, the error in angle of attack is less than 1° up to a ~ ±20°. At 
absolute values greater than 20°, the error increases rapidly. 

Since method 3 is a technique of successive approximation , the number of refer- 
ence curves as well as the number of points in each curve determines the accuracy 
of the resulting data . Method 3 gives better results at the higher angles of attack 
because of the relative insensitivity of p^/p at absolute values of angle of attack up 

to 10°. This insensitivity is apparent in figure 8. 

The results obtained by all three data reduction methods are good , so the choice 
of method can be based on the type of instrumentation used to support the experiment. 
All the data required by methods 1 and 3 can be obtained from the flow direction 
sensor itself. An additional advantage of method 3 is that it has as a byproduct a 
reasonably accurate determination of local Mach number. However, method 3 also 
has the disadvantage of requiring mans'- reference curves for the accurate determina- 
tion of angle of attack . 

CONCLUDING REMARKS 


A hemispherical head flow direction sensor was tested at room temperature in a 
wind tunnel at Reynolds numbers of 3.28 X 10 6 per meter (1.0 X 10 6 per foot) and 
4.92 X 10 6 per meter (1.5 X 10 6 per foot) and at Mach numbers from 0.30 to 0.70. 
Accurate angle of attack measurements were obtained with the sensor. 

If the effects of higher temperature on such things as the probe material , pres- 
sure transducer sensitivity, and frequency response are taken into account, it 
should be possible to make adequate high temperature flow direction measurements 
with the probe . 


Flight Research Center 

National Aeronautics and Space Administration 
Edwards, Calif. , January 21, 1975 
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APPENDIX - DERIVATION OF FLOW ANGLE EQUATION 
USED IN METHOD 1 


The derivation of the flow angle equation used in method 1 begins with the 
following relationship , which is derived from modified Newtonian flow theory: 

p e = q(A - B sin 2 0) + p s 


( 1 ) 


where 

0 

Q 


angular displacement from stagnation point 

) 

s 


dynamic pressure, 0.7 M z p t 


A ,B functions of Mach number 

p pressure on a point on a hemispherical body at an angle 0 from the 

r 0 


stagnation point 
free stream static pressure 


From equation (1), p & , p 3> and p^ (see sketch) can be expressed as: 

*2 J. r. ( 2 ) 



p = q(A - B sin 2 a) + p ( 
0 *■ 


P 3 = q[A - B sin 2 (45 - a)] + p g (3) 
p. = q[A - B sin 2 (a + 45)] + p (4) 


By applying the identity sin 2 0 = — ~ — to equations (2), (3), and (4) , 


the following equations can be derived: 


p 5 =q[A - f (1 - cos 2a)] + p g 

(5) 

= <?{a - f-[l ' cos (90 - 2a)]} + p g 

(6) 

= q|A - y [1 - cos (2a + 90)]} + p g 

(7) 


Since 


cos (C ± D) = cos C cos D + sin C sin D 
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the angles inside the brackets in equations (6) and (7) can be written 


cos (90 - 2a) = sin 2a 

(8) 

cos (2a + 90) = -sin 2a 

(9) 

By making these substitutions , 


p 3 = q[A - y(l ■ sin 2a)] + p g 

(10) 

P x = q^A - y(l + sin 2a )] + P g 

(11) 

Then the following transformation can be made: 


p 3 - Pl = X 

(12) 

p 5 - Pi = y 

(13) 

From equations (5) , (10) , and (11) , 


x = qB sin 2a 

(14) 

y = (cos 2a + sin 2a) 

(15) 

and 

y _ cos 2a + sin 2a _ 1 + cot 2a 
x 2 sin 2a 2 

(16) 

from which the following equation is obtained: 


cot 2a = ^ - 1 

X 

(17) 


Then, from equation (17) , 


tan 2a = -s-~ (18) 

2y - x 

Therefore 

a^O.Stan- 1 !^^) (19) 


By substituting from equations (12) and (13), the final flow angle equation is derived: 
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